To elucidate the detailed combustion mechanism of spray flames, experimental and numerical studies were conducted. In the experiment, simultaneous time-series measurements of OH chemiluminescence, CH-band emission, and Mie scattering from droplets by using a Cassegrain optics, spray image illuminated by laser light sheet, the droplet diameter and velocity measured by using PDA were applied to a premixed spray flame of kerosene. In addition, numerical calculations were conducted on combustion processes of n-decane spray entering gaseous flat-flame stabilized in laminar counter flow configuration. With these experimental and numerical results, time evolution of burning processes of fuel spray was discussed in detail.
Introduction
In recent years, from the viewpoint of energy saving and environmental protection, it becomes the urgent issues to make the combustion apparatus to be clean and highly efficient. Approximately 50% of primary energy of Japan is produced by combustion of the liquid fuel. For combustion of the liquid fuel, spray combustion to atomize liquid fuel in dozens of droplets in m size are utilized industrially for the reason of high load combustion being possible, and response of the control being very excellent. The use extends over many divergences including a rocket, a plane, a ship, various engines such as automobile and the heating furnace. However, spray combustion is reactive two-phase turbulent flow, in which elementary processes such as liquid fuel atomization, droplet dispersion into turbulent flow, droplet evaporation, and the combustion interacts to each other at the same time. Therefore, the detailed structure of the spray flame has not been clarified yet and most of the combustion control technologies are based on the trial-and-error type experience.
In our previous work (Akamatsu et al, 1996 , Akamatsu et al, 1997 , Tsushima et al, 1998 , Tsushima et al, 2002 , a premixed-spray of kerosene was used to study the basic combustion processes of practical spray flames. In the premixed-spray flame, to eliminate the influence of the fuel injection and subsequent turbulent mixing, the spray was mixed with the main air flow prior to the combustion such that slip velocities between the liquid phase and gaseous phase were kept as small as possible. Group combustion behavior in the premixed-spray flame was examined by simultaneously monitored OH and CH radical chemiluminescence, Mie-scattering from droplets illuminated by an Ar-ion laser, and the droplet diameter and velocity measured by a phase Doppler anemometer. A modified group combustion number was measured experimentally, and it was found that the averaged value of the modified group combustion number obtained in the premixed-spray flame fell within the range of the external or internal group combustion modes defined by Chiu et al. (Chiu et al, 1982) .
As a result, influence of turbulence in flow field and interaction between many fuel droplets ruled over the combustion properties of the spray flame, and it became clear that the non-homogeneity of the spray created the behavior as the group, and that the time and spatial change of group combustion behaviour is deeply related to the combustion mechanism of the spray. However, the close cooperation between the experimental study and the numerical analysis is necessary to aim at the further elucidation of spray combustion mechanism, because it is (1) as the criterion determining the combustion mode which appears, where Le denoted the Lewis number, Sc the Schmidt number, Re the droplet Reynolds number in terms of the droplet slip velocity, n T the total number of droplets contained in the cluster, and L the mean separation distance between droplet centers. Thus, defined G corresponded to the ratio of the gross droplet evaporation rate to the inward oxygen diffusion rate (Chiu and Liu, 1977, Chiu et al, 1982) .
In Fig. 1 , four combustion modes are shown classified by group combustion number, G. (a) G < 10 -2 「Single droplet combustion mode」 The individual droplets are wrapped in each envelope flame under atmosphere with enough oxygen concentration. (b) 10 -2 < G <1「Internal group combustion mode」 A group flame is formed without enough oxygen in the center of droplet group, but single droplet combustion exists in the outside of droplet group. (c) 1 < G < 10 2 「External group combustion mode」 Supply of oxygen to the inside of droplet group is greatly short, and a group flame is formed in the outside of droplet group. (d) 10 2 < G 「External sheath combustion mode」 The evaporation of the droplet does not occur at all in the center of droplet group, and a group flame is formed in the outside of droplet group.
If the nondimensional separation between droplet centers, S, is defined as
Following Chiu et al., the regions of various group combustion modes are illustrated on the S-n T plane shown in Fig. 2 , where Le = 1 is assumed (Chiu and Liu, 1977, Chiu et al, 1982,) . However, droplet group combustion theory deals with spray combustion as combustion of droplet group for the first time, it is noted that the following supposition is put in the construction process of the model. (1) The droplet group is spherical, and exists in a stationary atmosphere. (2) The droplet group consists of the mono-disperse droplets.
(3) The group flame is formed in a very thin seat form. In other words, all suppositions are greatly different from the actual phenomena, and experimental proof is indispensable for validating the droplet group combustion theory. There is little experimental study in this field and much experimental knowledge is finally becoming clear with the development of recent rapid progress in the advanced laser measurement technique. In this chapter, outline on observation result of the combustion behavior of the droplet group in the spray flame is shown by using simultaneous measurement system of local radical chemiluminescence and the spray section image.
Premixed spray flame burner
It is necessary for extracting the phenomena in the actual spray flame at a laboratory level to attain the simplified flow field without influences of large-scale recirculation zone around the flame holder and atomization process of fuel injection nozzle seen in industrial burners. The premixed spray is droplet-laden two-phase flow with minimal slip velocity between air and droplets. This was introduced into a combustion study by Mizutani and Nishimoto (Mizutani, Y. and Nishimoto, 1972) , and studies on the detailed structure of the spray flame were performed by Nakabe et al. (Nakabe et al, 1988 , Nakabe et al, 1991 .
A long-exposure (1/15 s) photograph of the premixed spray flame is shown in Fig. 3 (a) with the burner port schema, the detail of which may be found elsewhere (Akamatsu et al, 1996 , Akamatsu et al, 1997 . The flame image caught by this long-exposure photograph corresponds to the appearance of the flame observed by the human eyes.
Liquid fuel (kerosene) is atomized with an air-blast atomizer placed at 440 mm upstream of the burner port of 52.7-mm i.d. (the atomizing-air pressure was 0.4 MPa). The kerosene-to-air mass ratio is kept at 0.045 kg/kg (the equivalence ratio was approximately 0.75). The nominal bulk velocity of the droplet suspended flow is 5.5 m/s. An annular pilot burner of hydrogen diffusion flame, the width of which was 1.0 mm, is arranged around the port to anchor the spray flame. A coaxial air stream of the same bulk velocity as the main flow issues from the outermost annular port of 58.7-mm i.d. 80.9-mm o.d., to suppress the streamline dilatation. The terms r and h denote the radial and axial distances, respectively, measured from the port center.
Droplet combustion Behaviour in Spray flame
A short-exposure (1/1000 s) photograph of the same flame is shown Fig. 3 (b) . The flame appearance is completely different from the long-exposure one shown in Fig. 3 (a) that exhibits smooth and continuous boundaries, just as observed by the human eyes. It appears that the global flame at an instant consists of a number of fragments of luminous flame. In fact, this plainly shows existence of droplet group combustion (Chiu et al, 1982) in spray flames.
Figures 4 (a) and (b) show typical visualized spray images obtained in non-combusting and combusting cases, respectively (Akamatsu et al, 1996) . The laser light sheet illuminates the vertical plane including the burner axis. In the non-combusting case, where the hydrogen pilot flame is extinguished, no distinct droplet clusters are observed. In the combusting case, on the other hand, the continuous spray stream issued from the burner port gradually disappears along the flow, and clusters with complicated shapes are formed downstream. It is found that combustion processes occur randomly in the premixed-spray stream, which initiates the formation of droplet clusters.
Therefore, in order to discuss the combustion process of spray with heterogeneous structure in time and space, it is (a) Long exposure (b) Short exposure insufficient to get average and statistical data by pointwise measurement such as PDA (Phase Doppler Anemometer) that measures velocity and diameter of droplets at only one measurement point. It is essential to measure multiple information such as existence of the droplet cluster and combustion reaction, and droplet velocity and diameter in the droplet cluster, simultaneously as time-series data.
Observation of formation process of the droplet cluster in spray flames
In order to observe formation process of the droplet cluster in spray flames, time-series simultaneous measurement system of laser tomography for visualizing droplet clusters, OH and CH radical chemiluminescence, and Mie-scattering from droplets are applied to the premixed-spray flame (Tsushima et al, 1998 ). The measurement system is shown in Fig. 5 . Details about each optical system will be explained in the next section.
Measurement system of laser tomography for visualizing droplet clusters
An Ar-ion laser (Spectra Physics, Stable 2017, wavelength 514.5 nm, power 4W) is used as a light source for the laser tomography. The laser light sheet (approximately 0.3 mm in thickness) is formed by a series of lenses to illuminate droplets in a vertical plane including the burner axis. The scattered light from illuminated droplets are imaged onto a CCD array of 256×128 pixels in a high speed digital camera (Kodak, Ektapro HS Model 4540) through an optical interference filter (peak wavelength = 514.5 nm and half width = 1.8 nm). Images are recorded in the transient memory of the image processing system and digitized into 8 bit, i.e. intensities between 0 and 255.
Multi-color Integrated Cassegrain Receiving Optics (MICRO) for collecting the local chemiluminescence
In the previous study, receiving optics consisting of a spheric lens and a pinhole (single-lens optics) was frequently used. The single-lens optics has poor spatial resolution due to the spherical aberration and suffers from chromatic aberration in multi-wavelength-light measurements. In order to resolve these problems involved in single-lens optics, we developed a light-collection probe of Cassegrain type of a finite conjugate ratio named the Multi-color Integrated Cassegrain Receiving Optics (MICRO) (Akamatsu et al, 1999) . The MICRO consists of an optimized pair of concave and convex mirrors and a light-detection unit connected by an optical fiber cable. The MICRO is free both of chromatic and of spherical aberrations. The measuring control volume is easily visualized by sending in a visible laser beam through the optical fiber cable in the reverse direction. This feature allows precise optical alignment, even for invisible UV emission like chemiluminescence from OH.
The MICRO is placed 45 degree from the laser sheet axis to collect light emission in the OH-and CH-bands from the flame and Mie-scattering from the illuminated droplets as shown in Fig. 5 . Figure 6 shows the MICRO system, which consists of an optimized pair of concave and convex mirrors combined with an optical fiber cable. As shown in Fig. 7 , the light collection efficiency distribution of the system was evaluated using a ray-tracing method, and the effective control volume size is estimated at 1.6 mm long and 200 m in diameter (Akamatsu et al, 1999) .
The light emission and Mie-scattering through the optical fiber cable are detected by independent photomultipliers, PM's, through dichroic mirrors, DM's, and optical interference filters, F's, as shown in Fig. 6 . Light emission in the OH-band is reflected by the first dichroic mirror, DM 1 , transmitted through the filter, F OH (the peak wavelength = 308.5 nm and half width = 18.0 nm), and detected by the photomultiplier, PM OH , whereas the CH-band emission transmitted through DM 1 is reflected by the second dichroic mirror, DM 2 , transmitted through the F CH (peak wavelength = 430.5 nm and half width = 1.0 nm) , and detected by the PM CH . The Mie-scattering from droplets illuminated by the Ar-ion laser, on the other hand, is transmitted through two dichroic mirrors, DM 1 and DM 2 , as well as the F MS (peak wavelength = 514.5 nm and half width = 1.0 nm) and detected by the PM MS . Light signals from the photomultipliers are digitized into 12 bit by an A/D converter (Elmec, EC-2390) after amplification through I-V and V-V converters and recorded in the transient memory.
A pulse-delay-generator (Stanford Research Systems, WC Model DG535) is used to control the triggering timing of the A/D converter and the high-speed digital CCD camera.
Results and discussion
In order to investigate the formation processes of droplet clusters in the spray flame, simultaneous measurements of laser tomography of spray, chemiluminescence, and droplet Mie scattering were conducted. Figure 8 shows time-series planar spray images, obtained in the upstream region of the flame (h = 15 ～ 85 mm) and time-series signals of OH-chemiluminescence, CH-band emission, and Mie-scattering measured by the MICRO. The measurement position of the MICRO is located at h = 50 mm and r = 15 mm, as indicated by the cross on each image.
It is observed during the time between t = 55.0 ms and t = 59 ms (see the upper time-series planar spray images in Fig. 8 ) that the continuous spray stream from the burner port is eroded rapidly in the radial direction, as indicated by the white arrows in the images, and some portions of the spray stream survive forming droplet clusters. During the time between t = 57.0 ms and t = 58.8 ms, no Mie-scattering signals are detected due to the rapid disappearance mentioned above. On the other hand, signal intensities of OH chemiluminescence greatly increase. Therefore, it is confirmed that the rapid disappearance of the spray stream is triggered by preferential flame propagation through regions regions suitable for combustion, not by fluid motions. Furthermore, it is found that OH chemiluminescence and Mie scattering increase during the time between t = 56.1 ms and t = 57.0 ms. This suggests that the combustion reaction exists even inside the spray, indicating that the droplets burn with envelope flames in the single dr0plet combustion mode. During the time between t = 57.9 ms and t = 58.8 ms, combustion in the gas phase occurs, since there is no overlap of OH chemiluminescence and Mie scattering.
Another interesting phenomenon is visualized in Fig. 8 , during the time between t = 62.0 ms and t = 66 ms (see the lower time-series planar spray images). The onset of rapid flame propagation is indicated by a white arrow in the image at the elapsed time of 62.7 ms, and the spray stream is eroded toward the downstream (upward) direction during the time between t = 63.6 ms and 66.3 ms. However, no combustion reaction can be seen upstream of the MICRO measurement spot, indicated by the cross on each image. This means that the upstream spray region prevents flame propagation, probably because that portion of spray does not have easy-to-burn characteristics. As the results from Fig.  8 , it is confirmed that droplets clusters are formed through the processes of rapid preferential flame propagation through easy-to-burn regions in the upstream region of the premixed-spray flame.
Observation of group combustion behavior of each droplet cluster in spray flame
In this chapter, consideration about the combustion process of droplet cluster, formed through the processes of rapid preferential flame propagation in the upstream region of the premixed-spray flame, is discussed. Figure 9 shows the measurement system. PDA (Phase Doppler Anemometer) is added to the measurement system shown in Fig. 5 . Time-series data of OH chemiluminescence, CH-band light emission, and Mie scattering from droplets by the MICRO system, spray image illuminated by laser light sheet, the droplet diameter and velocity measured by using PDA can be measured simultaneously.
Measurement system and method
An Ar-ion laser (Spectra Physics, BeamLock 2080, wavelength 488.0 nm, power 10W) is used as a light source for the laser tomography, since 514.5 nm light of Ar-ion laser is used for the light source for PDA (Phase Doppler Anemometer). The laser light sheet (approximately 0.3 mm in thickness) is formed by a series of lenses to illuminate droplets in a vertical plane including the burner axis. The scattered light from illuminated droplets are imaged onto a CCD array of 128×128 pixels in a high speed digital camera (Kodak, Ektapro HS Model 4540) through an optical interference filter (peak wavelength = 488.0 nm and half width = 1.5 nm). Images are recorded in the transient memory of the image processing system and digitized into 8 bit, i.e. intensities between 0 and 255.
Time-series data of OH chemiluminescence, CH-band light emission, and Mie scattering from droplets by the MICRO system, the droplet diameter and velocity measured by the PDA are measured simultaneously at the center of spray image illuminated by laser light sheet. In the measurement, the height at the center of spray image is denoted as h r . Imaging region of spray is r = -15～15 mm，h r = 100, 110, 120, 130, 140, 150, 160 mm, where droplet clusters are frequently observed.
Estimation of droplet group combustion number of each droplet cluster
Since an individual droplet cluster, which corresponds to a chain of Mie-scattering peaks, consists of a number of droplets, it is necessary to analyze these signals for each droplet cluster without averaging for estimating the droplet group combustion number of each droplet cluster. In the process, the uniform droplet diameter, d, is substituted by the arithmetic mean value, d 10 . Diameter of droplet cluster, l c , is estimated as equivalent spherical diameter of droplet cluster by the following equation, 
where S c is cross-senction area of each droplet cluster obtained by the image processing. Mean distance of separation between droplet centers, L, is estimated from the PDA signal, since the valid-data fraction is almost 100% as a result of our optimization of the PDA system.
where N c is the number of PDA data obtained for one cluster; t i is the arrival time of the i-th droplets, which represents the time when a droplet arrives in the PDA control volume; and V i is the velocity of the i-th droplet. The term n T is evaluated from the L values assuming that a cluster is a sphere of diameter, l c , and its volume is the sum of volumes of size L 3 , as follows.
The denominator in Eq. (3) is taken to be unity, because the droplet slip velocity is at most of the order of 0.1 m/s for the dominating droplet class of 10 ～ 30 m in diameter (Akamatsu et al, 1996) and the droplet Reynolds number in this diameter class is of the order of 0.1. Under these assumptions, therefore, we now define the modified group combustion number, G C , instead of the original G in Eq. (3), (Le = 1 is assumed), as follows. Figure 10 shows the modified group combustion number, G C , of an individual cluster evaluated by Eq. (7) and plotted on the S-n T plane (Fig. 2) . The plots are in the range predicted by Chiu's theoretical analysis (Chiu et al, 1982) . It is found that dominant group combustion number of an individual droplet cluster is in the range of the external group combustion mode and the internal group combustion mode.
For the next, is is cheked whether the estimated G C value of the individual droplet cluster correctly corresponds to the actual group combustion mode or not, when classification of Chiu's droplet group combustion theory is adopted. Figure 11 shows typical signal patterns of OH chemiluminescence, I OH , CH-band emission, I CH , Mie scattering from droplets, I MS , axial droplet velocity component, V, droplet diameter, D, and spray image illuminated by laser light sheet measured at h r = 110 mm. The abscissa is the elapsed time from an arbitrary instant. The measurement position of the MICRO and PDA is located at the center of spray image (r = 0 mm and h = 110 mm), as indicated by the cross on each spray image.
For the droplet cluster shown in Fig. 11 (a) , the value of droplet group combustion number G C is 1.2. According to the Chiu's theoretical analysis, the group combustion mode is classified into the external group combustion mode. Since OH radical chemiluminescence and CH-band emission are detected before and after the detection time of Mie scattering from droplets, that corresponds to the existence of droplet cluster, and the intensities of OH radical chemiluminescence and CH-band emission are weak inside the droplet cluster, it is found that the combustion reaction zone exists around the droplet cluster and that the group combustion mode of the cluster is the external group combustion mode. Therefore, the estimated G C value of the droplet cluster, 1.2, correctly corresponds to the actual group combustion mode if the classification of Chiu's droplet group combustion theory is adopted.
For the droplet cluster shown in Fig. 11 (b) , the value of droplet group combustion number G C is 0.422. According to the Chiu's theoretical analysis, the group combustion mode is classified into the internal group combustion mode. Since OH radical chemiluminescence and CH-band emission are detected during detection time of Mie scattering from droplets but the intensities of OH radical chemiluminescence and CH-band emission are weak in the center of droplet cluster, it is found that group combustion mode of the cluster is the internal group combustion mode. Therefore, the estimated G C value of the droplet cluster, 0.422, correctly corresponds to the actual group combustion mode if the classification of Chiu's droplet group combustion theory is adopted.
For the droplet cluster shown in Fig. 11 (c) , the value of droplet group combustion number G C is 0.0677. According to the Chiu's theoretical analysis, the group combustion mode is classified into the internal group combustion mode. However, OH radical chemiluminescence and CH-band emission are detected during detection time of Mie scattering from droplets, and the intensities of OH radical chemiluminescence and CH-band emission are not weak in the center of droplet cluster. Therefore, it is found that group combustion mode of the cluster is the single droplet combustion mode. Therefore, the estimated G C value of the droplet cluster, 0.0677, does not correctly correspond to the actual group combustion mode if the classification of Chiu's droplet group combustion theory is adopted.
In order to examine whether the experimentally estimated G C value corresponds to the actual combustion mode of an individual droplet cluster or not, the time fraction while OH chemiluminescence is detected, R OH , compared to the passage time of a droplet cluster is plotted against its G C value in Fig. 12 . The solid line in Fig. 12 shows the result predicted by Chiu's theoretical analysis. From this result, G C and R OH do not have the strong correlation and it is found that estimated G C value does not correspond to the actual combustion mode of individual droplet cluster, frequently. This result reveals that G C shows the group combustion mode of each droplet cluster, qualitatively. However, there still exist some discrepancies between the experimental and analytical results, especially in the region of small group combustion number. This is probably ascribed to the fact that the assumptions introduced in the theoretical analysis (Chiu et al, 1982) are not compatible with conditions prevailing in this experiment. For example, the theoretical model assumed (a) a quasi-steady group combustion process, (b) a laminar combustion process, (c) infinite reaction rate, and so on. In the present estimation of the G C value, on the other hand, we also adopted some assumptions, such as, (a) monodisperse droplet diameter, d, was substituted by the arithmetic mean value, d 10 ; (b) n T was evaluated from L values assuming that a cluster was a sphere of diameter, l c ; (c) the denominator in Eq. (3) was taken to be unity, and so on.
Having received this experimental fact, Chiu presented the new group combustion number that can predict the actual combustion mode of an individual droplet cluster by the following equation (Chiu, 2000) ,
where G C is geometrical group combustion number and C v is gasification correction factor that corresponded to the ratio of the evaporation rate of isolated droplet cluster in stationary condition to the evaporation rate of the droplet clusters that interferes mutually in flows. It was very significant that distance between theoretical analysis and experimental work was reduced by having shown time-series simultaneous data using the latest measurement technique and that theoretical consideration and experimental knowledge were tied effectively. In order to clarify the mechanism of droplet group combustion quantitatively, a cooperative project involving both experimental and analytical researchers is essential, with deep communication between them.
Since this kind of instantaneous detailed flame structure is directly related to the toxic emission characteristics, such as NOx and soot, it is essential to know the detailed combustion mechanism of the flame in order to realize highly efficient and clean combustion.
Numerical simulation of spray combustion
In the numerical simulation cord for practical spray flame burners, the turbulence model that is necessary for the analysis of the gaseous phase, turbulent combustion model, and spray model for the disperse phase are often incorporated at the same time. Under this situation, before an argument of the validity of the spray model, it is a problem that there are too many factors that you should examine. In addition, when liquid fuel of only 1 ml is atomized into droplets of 20 m in diameter, approximately 240 million droplets are formed. Therefore, many droplets exist in actual spray flames. In order to reduce the computational cost, so called parcel (imaginary particle in computation) is frequently used. However, with this parcel approximation model, collective effect of droplet, namely droplet group combustion (Chiu et al, 1982) , cannot be taken into account at all.
On the other hand, spray flames stabilized in counterflow has been numerically studied using the similarity solution on the centerline (Continillo and Sirignano, 1990, Darabiha et al, 1993) . In this solution, however, it is assumed that monodisperse small-sized spray of high volatility liquid fuel is used and almost all droplets prevaporize before entering the reaction zone. Hence, actual polydisperse spray flames, in which combustion reaction zone interacts intensively with unburned spray, cannot be simulated.
Since it is impossible at present to measure all the physical quantities in spray flames experimentally, more precise comparison of the experimental results and the numerical calculation results is essential to further elucidate the detailed spray flame structure and to build-up a comprehensive simulation model of spray combustion. However, due to the lack of experimental information, most of the spray combustion models in the past did not always reflect real physics of spray combustion. Therefore, it is necessary to build a spray combustion model based on the physics with deep communication between experimental and numerical researches.
In this study, numerical calculations and experimental observations were carried out on combustion processes of n-decane polydisperse spray entering gaseous flat-flame stabilized in laminar 2D counter flow configuration . The results were compared to each other to ensure validity of the simulation model. Navier-Stokes equation, together with mass, energy and species conservation equations was solved for the gaseous phase, considering the temperature dependence of transport properties and thermodynamic data of the gaseous species. For the disperse phase, all the individual droplets were tracked without using the concept of "droplet parcel". A spherically symmetric, unsteady droplet model with variable properties was employed for estimating a droplet evaporation rate and heat transfer from the gaseous phase to a droplet. Detailed time-dependent burning processes of polydisperse fuel spray entering the gaseous flame front were observed and the droplet group combustion behavior (Chiu et al, 1982) was discussed in detail.
CALCULATION METHOD
The planar two-dimensional flow field for the calculation is shown in Fig. 13 . The origin of the calculation domain is located at the center of the upper rectangular burner port, from which liquid fuel, n-decane (C 10 H 22 ) is supplied. The geometry of the burner port is 20 mm in width and the port separation is 20 mm. From the upper port, atmospheric air (T=300K, P=0.1013MPa, and oxygen mass fraction 2 O Y =0.2357) is issued at the velocity of 0.4 m/s. From the lower port, pre-mixture of atmospheric air and n-decane vapor (equivalence ratio, g  = 0.6) is issued in the region of mm y 3 0   , and atmospheric air is issued in the region of mm y 10 3   at the velocity of 0.4 m/s. The gaseous flame is stabilized in a laminar counterflow, stretch ratio of which is 40 1/s. At a moment, t = 0 ms, injection of polydisperse n-decane spray is started to flow from the upper port in the region of mm y 3 0   at the velocity of 0.4 m/s. The fuel-air mass ratio of the central ( mm y 3 0   ) premixed spray is 0.016 kg fuel /kg air , which corresponds to bulk equivalence ratio,   = 0.237. Droplet size distribution used for the calculation is shown in Fig. 14 (Hwang et al, 2000) . This was obtained by PDA measurement in the corresponding experiment of this numerical calculation in the non-reacting condition. The initial position of droplet is determined by stochastic processes to generate a uniform spray flow in the region of mm y 3 0   of the upper port. Gaseous species considered in the calculations are O 2 , N 2 , CO 2 , H 2 O, and C 10 H 22 . The transport properties and thermodynamic data are obtained by CHEMKIN (Kee et al, 1986 , Kee et al, 1989 . Properties of liquid n-decane are obtained from the Ref. (Abramzon and Sirignano, 1987) . The governing equations considered for the gaseous phase are mass, momentum, energy, and species mass balances, as follows. 
where  is gaseous phase density, u and v gaseous phase velocity in the x and y direction, respectively,  viscosity, P static pressure, g gravitational acceleration, h specific total enthalpy, a thermal diffusivity, Y k and D k are mass fraction and mass diffusion coefficient of k's species, respectively. S k combu, is the source term with the combustion. S  is considered to take interaction between the gaseous and disperse droplet phases into account. The gaseous phase density,  is calculated from the state equation of the ideal gas. These governing equations are discretized by the finite volume method using the SIMPLE algorithm for solving the static pressure.
Mass, heat and momentum interchanges between the gaseous and disperse phases are calculated by a method of the PSI-Cell model (Crowe et al, 1977) in which all interactions are evaluated on the basis of the gaseous phase calculation grids and its control volume. Interaction terms between the phases during a calculation time step are assumed to be concentrated at a control volume of the droplet final location of the time step. The followings are assumptions for the droplets.
(1) No collision and no breakup of droplets occur.
(2) Droplets are spherical and have uniform internal properties.
(3) Volume of droplets is negligible. The interaction terms between the gaseous and disperse phases are calculated explicitly regardless the implicit calculation of the gaseous phase.
The equation describing a droplet motion is expressed as follows,
where F = (F x , F y ) is a drag force acting on a droplet by the gaseous phase expressed as follows,
where D is the droplet diameter,  the gaseous phase density, heat at constant pressure in the film, L(T l ) the latent heat of the vaporization at the droplet temperature T l . B M is the Spalding's mass transfer number defined as follows.
is the Spalding's heat transfer number obtained by the following equations,
where Le f and c pf are the Lewis number and the specific heat at constant pressure of the mixture in the film, respectively. * Sh and * Nu are the modified Sherwood and Nusselt number of the film, respectively, defined as follows (Abramzon and Sirignano, 1989) .
Accordingly, equations describing the diameter and temperature changes of a droplet are expressed as follows,
where c pl is the specific heat of the liquid fuel droplet.
The source terms, S l , by interactions between the gaseous and disperse phases are expressed using the total number of droplets, N, existing in each control volume of gaseous phase calculation grid. For the equation of the mass conservation, 
For the equation of the momentum conservation,
For the equation of the energy conservation,
For the equation of the species conservation,
where V  is volume of the control volume, h F (T) the specific enthalpy of the fuel vapor at the gaseous phase temperature, T.
For the combustion reaction model, one-step global reaction of n-decane was adopted (Westbrook and Dryer, 1984) . The source term, S combu,k , in the equations of species conservation is expressed using the combustion reaction rate per unit volume, R F , as follows,
where n k is the molar stoichiometric coefficient of the k's species of the one-step global reaction (positive for the production side), and W k is the molecular weight of k's species.
For the calculation, planar symmetry on the central plane (y = 0) associated with mirror boundary condition is assumed. The calculation domain ( mm x 20 0   , mm y 10 0   ) is divided into 157  77 equally spaced computational grids in the x and y directions, respectively, (which corresponds to the actual control volume size of 130 m  130 m). The calculation time step is 0.1 ms. Figure 15 , 16, 17 and 18 show calculation results at t = 5, 25, 30, and 35 ms, respectively, after the spray injection and the corresponding flame photograph at each calculation time step (the figure (d) ) obtained in the corresponding experiment (Hwang et al, 2000) . In the figure (a) , the gaseous phase velocity vectors, ) , ( v u  V , superimposed on 2-D profile of the gaseous phase temperature, T, expressed in the gray scale are displayed. In the figure (b) , the combustion reaction rate, R F , expressed in the gray scale and the droplet location and diameter, D, are displayed simultaneously. In the figure (c), equivalence ratio, , expressed in the gray scale is displayed and contours of the stoichiometric ( = 1.0) are described if there are. In the figure (d) , trajectories of the droplets are visualized by an Ar-ion laser sheet in the flame photograph (only the large droplets are visualized due to low power of the laser sheet). The exposure time of the flame photographs is 1/15 s.
Results and Discussion
In Fig. 15 at t = 5 ms after spray injection, very thin flame front (region of high R F value) of the gaseous fuel supplied from the lower port is seen at around x = 13.5 mm (see the figure (b) ). At this time step, no effect of the supplied droplet fuel on the gaseous flame is observed. The gaseous flame front locations of the experimental observation and the numerical result correspond very well each other to confirm validity of the present numerical code for calculating gaseous flames. Figure 16 is for the results at t = 25 ms after spray injection. The gaseous flame shape is distorted due to intrusion of the fuel droplets and the large droplets penetrate into the reaction zone to reach the counter flow region. Combustion of single droplets and droplet groups occur in high temperature region of the gaseous flame in diffusion combustion mode. In the region, blue flames are observed in the corresponding photograph since the equivalence ratio, , is low. As seen in the figure (c), pre-vaporization of droplets occurs in approaching spray flow above the high temperature region. Pre-mixture, (which equivalence ratio is about 0.05) is generated to form a weak thin flame front burning in premixed combustion mode at around x = 8.5 mm. Of course, although the mixture of  = 0.05 is not inflammable, a premixed flame is sustained, in this case, by the heat from high temperature region of the diffusion flame. The vaporization of droplets in the high temperature region works as the source of fuel vapor for burning in diffusion-combustion mode.
In Fig. 17 at t = 30 ms, the combustion regions of single droplets and droplet groups seen at t = 25 ms get together to form a large droplets' group with very large equivalence ratio. Luminous flames are observed in the photograph due to the increased equivalence ratio. The premixed combustion of pre-vaporized fuel becomes more intense owing to the increased amount of spray evaporation.
In Fig. 18 at t = 35 ms, the luminous flame region of a large droplet group becomes much larger. No combustion reaction occurs inside the large droplet group, and only the periphery is burning in diffusion combustion mode just outside of the contour of the stoichiometric (= 1.0), which corresponds to the internal droplet group combustion mode (Chiu et al, 1982) . The premixed combustion region of pre-vaporized fuel becomes much more intense, where a continuous blue flame is observed in the corresponding flame photograph.
Closing remarks
In this review, the detailed structure of the spray flames by time-series simultaneous optical measurement and time-dependent numerical simulation in which the used model is limited to spray model were introduced. The detailed structure of the spray flame is becoming clear by maturity of a laser-based measurement technique and the detailed numerical simulation. It is more important for a researcher to arrest the essence of the phenomenon lying in a large quantity of data provided using such advanced measurement system and detailed numerical simulation. For the purpose, it will become more and more important in future to push forward the study by a researcher who owns not only the extensive knowledge about the principle of a measurement method and the numerical analysis but also with clear vision what kind of physical quantity is needed for the solution.
